Abbreviations
=============

2D

:   2-dimensional

3D

:   3-dimensional

ACN

:   acetonitrile

AMD

:   age-related macular degeneration

CDR

:   complementarity determining region

CE-SDS

:   capillary electrophoresis sodium dodecyl sulfate

CEX

:   cation ion exchange chromatography

CZE

:   capillary zone electrophoresis

CHO

:   Chinese hamster ovary

ESI-MS

:   electrospray mass spectrometry

DNA

:   DNA

Fab

:   fragment antigen-binding

Fc

:   fragment crystallizable

FDA

:   US. Food and Drug Administration

GuHCl

:   Guanidine-HCl

HC

:   heavy chain

HMW

:   high molecular weight

IPA

:   isopropyl alcohol

LC

:   light chain

LC-MS

:   liquid chromatography -- mass spectrometry

mAb

:   monoclonal antibody

MES

:   2-(N-morpholino)ethanesulfonic acid

mRNA

:   messenger ribonucleic acid

MS

:   mass spectrometry

m/z

:   mass-to-charge ratio

PTMs

:   post-translational modifications

QTPP

:   quality target product profile

RT

:   retention time

SDS

:   sodium dodecyl sulfate

SEC

:   size-exclusion chromatography

TFA

:   trifluoroacetic acid

tRNA

:   transfer ribonucleic acid

UV

:   ultraviolet

VEGF-A

:   vascular endothelial growth factor A

WHO

:   World Health Organization

Introduction {#s0001}
============

More than 50 monoclonal antibodies (mAbs) have been approved in the European Union (EU) or United States (US) for the treatment of multiple indications since the 1980s.[@cit0001] Six novel antibody therapeutics were approved for commercial use in the EU or US in 2016 and another 10 are currently planned for regulatory reviews in cancer and non-cancer indications in 2017.[@cit0004] The number of mAbs currently under evaluation in Phase 3 clinical studies doubled since 2010, with 52 candidates as of early 2017, while over 230 molecules were in Phase 2 clinical development.[@cit0004]

In parallel, the high cost of innovative biological medicines is being challenged by health regulators worldwide and patents of several first-generation biological products will sequentially expire, promoting the development of biosimilars. The European Medicines Agency has been authorizing biosimilar products since 2006, with the first biosimilar mAb authorized in 2013, and there are now 19 valid biosimilar product marketing authorizations.[@cit0003] The first US biosimilar was licensed in 2015.[@cit0005] As defined by regulators, biosimilars are biological products highly similar to their respective reference products and for which similarity has been demonstrated in terms of quality, safety and effectiveness, although clinically inactive minor variations may still exist. The development of such products is attractive for healthcare systems worldwide, as they may lower prices for products losing commercial exclusive rights and increase patient access to a bioequivalent treatment. EU and US have established guidelines for the authorization and licensing of biosimilars, while WHO provides guidelines for other regions so that safe and effective similar biotherapeutic products can be made available to patients.[@cit0007]

During the development of biosimilars, analytical characterization is required to demonstrate similarity of the biosimilar compared to the originator molecule. Evidence of high similarity to the quality target product profile (QTPP), as defined by the range of batch-to-batch variability of the originator batches, may substantially shorten development timelines and reduce the costs associated with clinical programs.[@cit0006] Side-by-side similarity assessment of multiple batches is generally performed throughout the entire biosimilar development. Producing "generic" versions of large molecules is not as straightforward as for making small molecule generic drugs due to their size, their complexity, their heterologous expression in living cells, and their sensitivity to upstream and downstream processes-relevant parameters such as pH, temperature and shear stresses. Overall, the manufacturing of biologics in mammalian or microbial cells is more complex and generates more variability than the synthesis of chemical drugs. Proteins, either native or recombinant, are amenable to post-translational modifications (PTMs), including signal peptide processing, glycosylation, phosphorylation, C-terminal lysine truncation. Additionally, chemical modifications (e.g., oxidation, deamidation, isomerization, modification by reactive metabolites in cell culture), clipping and aggregation can arise during expression, recovery, purification and storage in the final formulation.[@cit0013]

Besides PTMs, sequence variants can be introduced during the translation step of the protein in the host system, as unintended amino acid substitution, and can lead to increased product microheterogeneity.[@cit0015] Sequence variations can also result from differences in the coding DNA.[@cit0017] As a result, the degree of PTMs and variants for these large molecules may differ between host cells, culture systems, downstream processes and formulations. Examples of such differences between an originator and a biosimilar product have been reported in literature. Differences in methionine oxidation, in addition to different glycosylation patterns, were previously observed in a candidate biosimilar of trastuzumab.[@cit0021] A recent study of filgrastim modifications, including misincorporations, amino acid extension, and truncations, estimated their levels ranging between 0.1 and 2% across different manufacturers.[@cit0022] Although these variations may not be clinically relevant at these low levels, the implementation and the integration of sensitive orthogonal analytical approaches (for a review see ref.[@cit0013]) are required to uncover true and relevant differences between an originator and intended copy product, when one single technique may fail in that exercise (e.g., comparison of UV chromatograms).

LUCENTIS® (ranibizumab, Novartis Pharma AG as a licensee of Genentech, Inc.) is a humanized mAb antigen-binding fragment (Fab) that targets the human vascular endothelial growth factor A (VEGF-A) for the treatment of neovascular age-related macular degeneration (wet AMD), retinal vein occlusion (RVO), and diabetic macular edema (DME). Wet AMD is a progressive condition in which central vision is affected, resulting in gradual vision loss to blindness. The LUCENTIS® 48 kDa Fab, expressed in *E.coli*, is composed of a 214-residue light chain connected via one inter-chain disulfide bond to a 231-residue heavy chain fragment. In this study, we performed a head-to-head comparison of LUCENTIS® and RAZUMAB using a panel of analytical techniques. RAZUMAB is an intended copy product of LUCENTIS® licensed in India, but currently not licensed or authorized in other regions such as US or EU. Therefore, the term intended copy product is used in this article, rather than biosimilar, in accordance with the published terminology.[@cit0023] While no differences in terms of size variants and potency were observed between these products using size-exclusion chromatography (SEC), capillary electrophoresis under denaturing conditions with sodium dodecyl sulfate (CE-SDS) and potency assays, differences in charge variants were observed using cation ion exchange chromatography (CEX) and capillary zone electrophoresis (CZE). Using mass spectrometry (MS), the RAZUMAB light chain exhibited a relatively high amount (6--9%) of a + 27 Da additional peak, which was further confirmed and characterized by peptide mapping at multiple sites as being a substitution of serine by asparagine (+ 27.01 Da as monoisotopic mass shift). We demonstrated that state-of-the-art technologies such as MS are required to assess analytical similarity of biological products to their originators.

Results {#s0002}
=======

Potency assays {#s0002-0001}
--------------

Relative potency was determined for 2 RAZUMAB batches. The potency assay analyzing binding to VEGF showed 96% and 97% relative binding activity versus the LUCENTIS® reference standard. The cell-based functional potency assay revealed 99% and 100% relative potency in comparison with the LUCENTIS® reference standard, respectively ([Table 1](#t0001){ref-type="table"}). Table 1.Analytical and bioanalytical comparison of RAZUMAB batches and LUCENTIS®. Percentages of size variants as determined by SEC and CE-SDS in denaturing conditions are indicated. Percentages of charge variants were determined by CEX and CZE. HMW: High molecular weight. Potency was determined relative to the LUCENTIS®reference standard with target binding assay and cell-based functional assay. Individual determinations for each reportable result had been determined on independently prepared 96-well assay plates. Each result is provided ± standard deviation from duplicate measurements where applicable. n.d.: not detected. LOQ: limit of quantification at 0.3%. \*: defined potency of LUCENTIS®reference standard.AnalyticsAttributesRAZUMAB \#1RAZUMAB \#2LUCENTIS®SECAggregates (%)0.0 ± 0.00.0 ± 0.00.1 ± 0.0 Main peak (%)100.0 ± 0.0100.0 ± 0.099.9 ± 0.0 Fragments (%)n.d.n.d.n.d.CE-SDSFragment peak 1 (%)0.5 ± 0.00.6 ± 0.00.6 ± 0.1 Fragment peak 2 (%)0.1 ± 0.00.1 ± 0.00.2 ± 0.0 Main peak (%)99.2 ± 0.199.1 ± 0.099.0 ± 0.1 HMW peak (%)0.2 ± 0.00.3 ± 0.00.3 ± 0.0CEXAcidic variants (%)0.9 ± 0.01.1 ± 0.00.7 ± 0.0 Main peak (%)98.0 ± 0.097.9 ± 0.097.9 ± 0.0 Basic variants (%)1.1 ± 0.01.0 ± 0.01.4 ± 0.0CZEAcidic variants (%)2.53.11.5 Main peak (%)97.197.497.8 Basic variants (%)\< LOQ\< LOQ\< LOQPotency assaysBinding to VEGF (% potency)96 ± 297 ± 4100\*Cell-based functional assay (% potency)99 ± 1100 ± 5100\*

The observed differences from 100% relative potency were within the expected assay variability; no differences in VEGF binding, nor in inhibition of VEGF-induced proliferation were found between the LUCENTIS® reference standard and the intended copy product RAZUMAB.

Analysis of size and charge variants by separation techniques {#s0002-0002}
-------------------------------------------------------------

Two RAZUMAB batches were analyzed in parallel with the LUCENTIS® reference standard using separation techniques to investigate size and charge variants of the intended copy product relative to LUCENTIS®. SEC was performed to exhibit fragments and aggregates in these samples ([Fig. 1A](#f0001){ref-type="fig"}). The results revealed no major difference between the samples, and the LUCENTIS® reference standard contained only a slightly higher content of high molecular weight species at a level of 0.1% of total UV area compared to 0.0% for RAZUMAB ([Table 1](#t0001){ref-type="table"}). CE-SDS was performed to investigate potential differences in terms of covalent species. Comparison of electropherograms of LUCENTIS® reference standard and RAZUMAB batches did not reveal any major difference ([Fig. 1B](#f0001){ref-type="fig"}), and similar levels below 1% for fragments, and below 0.5% for high molecular weight species, were observed in all samples ([Table 1](#t0001){ref-type="table"}). Potential differences in charge product-related variants were investigated with CEX. Although the pattern of basic variants was highly similar between RAZUMAB and LUCENTIS® reference standard, differences could be identified in the acidic region of the chromatographic profiles, showing a minor 0.2--0.4% increase of acidic species in RAZUMAB batches with a new peak not present in LUCENTIS® reference standard ([Fig. 1C](#f0001){ref-type="fig"}). A different profile for acidic variants between RAZUMAB batches compared to LUCENTIS® reference standard was also observed using CZE as an orthogonal method, with one new acidic peak of 0.4% ([Fig. 1D](#f0001){ref-type="fig"}). A shoulder of the main peak was also detected in the acidic region of RAZUMAB batches. Results are compiled in [Table 1](#t0001){ref-type="table"}. Figure 1.Analysis of size and charge variants of RAZUMAB batches and LUCENTIS® by separation techniques. (A) UV chromatogram overlay of SEC analysis. Absorbance was recorded at 280 nm. High molecular weight species (HMW) and the intact Fab peak (main peak) are shown. (B) Overlay of CE-SDS electropherograms. Fragments, the intact Fab peak (main peak) and HMW species are annotated. (C) Analysis of charge variants by CEX. Main peak, acidic and basic variants are displayed on the overlay of UV chromatograms at 280 nm. RAZUMAB and LUCENTIS® exhibit different acidic variant profiles. (D) Charge variant profiles with CZE. UV electropherograms at 214 nm are shown for RAZUMAB batches and LUCENTIS®. Main peak, acidic and basic variants are displayed. Different acidic variants are present in RAZUMAB and LUCENTIS®. \*: main peak shoulder in the acidic region of RAZUMAB batches. Insert: zoomed-in view from 10 to 11 min. For all chromatograms, a signal offset of 10% has been applied between samples.

Fab intact/subunit mass analyses by LC-UV/ESI-MS {#s0002-0003}
------------------------------------------------

To further investigate the potential biochemical differences between RAZUMAB and LUCENTIS® reference standard causing the different acidic variants, the masses of intact Fab samples and Fab subunits after reduction/carbamidomethylation were measured without any prior enrichment. Samples were analyzed by online LC-UV/ESI-MS as intact in denaturing organic solvents, containing trifluoroacetic acid (TFA) as ion-pairing agent, to improve peak resolution. An overlay of UV chromatograms between batches of RAZUMAB and LUCENTIS® reference standard showed comparable UV profiles ([Fig. 2A](#f0002){ref-type="fig"}). Standard MS spectrum analysis usually involves averaging or summation of MS scans within a delimited peak range, and then "manual" deconvolution with user-defined settings. For this study, we performed unbiased MS data analysis and performed time-resolved deconvolution of each MS scan within a defined timeframe and created 3D heat maps of product-related variants ([Fig. 2B](#f0002){ref-type="fig"}).[@cit0026] In brief, this process enables the deconvolution of each 1s MS scan in parallel for all samples processed altogether. Such display retains for each species the connection between deconvoluted mass and respective retention time. This enabled us to quickly distinguish co-eluting conventional artifacts generated in-source, e.g., water loss and TFA adduct, from real variants separated in time. Two forms were observed in the LUCENTIS® reference standard, corresponding to the main Fab at 48380 Da (4 ppm mass accuracy) and an additional signal (+16 Da) eluting slightly earlier than the main one, marked with the white cross in [Fig. 2B](#f0002){ref-type="fig"}, which most likely corresponds to the oxidized form of the LUCENTIS® reference standard. The same species could also be monitored in the 2 batches of RAZUMAB. However, an additional species with a mass increase of ∼25 Da was identified in the 2 RAZUMAB samples. Such a mass increment was not detected in LUCENTIS® reference standard intact 3D heat map. Figure 2.Intact Fab LC-UV/ESI-MS analysis. (A) Overlay of UV chromatograms of intact LUCENTIS® and RAZUMAB batches 1 and 2. Absorbance was recorded at 280 nm. Signal offset: 10%. (B) Time-resolved deconvolution of intact LUCENTIS® and intact RAZUMAB MS data for batches 1 and 2. Heat maps were generated from time-resolved deconvolution performed in parallel for all samples. Intensity is color-coded ranging from less intense (black) to most intense (red). The unmodified Fab (main peak) and an oxidized variant (ox) are annotated. A new mass (+ ∼25 Da) is found exclusively in RAZUMAB samples.

Analysis of the Fab light and heavy chains was performed using reduction and carbamidomethylation. An overlay of the UV chromatograms revealed a slight front shoulder in the UV chromatograms of the light chain of RAZUMAB batches only as the main difference across samples ([Fig. 3A](#f0003){ref-type="fig"}). Spectra of the Fab light and heavy chains were acquired and deconvoluted with time-resolved deconvolution in an unbiased manner as described above ([Fig. 3B-C](#f0003){ref-type="fig"}). Deconvoluted masses fit with expected masses of the light and heavy chains, at 23718.3 Da and 25242.3 Da with mass accuracies of 8 ppm and 14 ppm, respectively. A new signal with a mass of light chain + 27 Da present in RAZUMAB batches, but absent in the LUCENTIS® reference standard, matches the mass increment observed previously in the intact Fab analysis of RAZUMAB samples ([Fig. 3B](#f0003){ref-type="fig"}). This new species was also detected in a third RAZUMAB batch (Fig. S1), and was estimated in the range of 6--9% of the light chain across the 3 RAZUMAB batches ([Table 2](#t0002){ref-type="table"}; Fig. S2). No major difference could be detected from the 3D heat map of the Fab heavy chain, containing the oxidized form as the major variant and pyroglutamate from glutamate as a minor variant ([Fig. 3C](#f0003){ref-type="fig"}). Overalkylation was observed at similar levels in these samples as a sample preparation artifact. Figure 3.Fab subunit LC-UV/ESI-MS analysis. (A) Overlay of UV chromatograms at 214 nm of light and heavy chains of LUCENTIS® and RAZUMAB batches 1 and 2 after reduction and carbamidomethylation. Signal offset: 10%. (B) Time-resolved deconvolution for the light chain (LC). LC, and LC + 27 Da (in RAZUMAB samples), are annotated. ║: In-source dehydration, ◊: Guanidine adduct, §: Possible LC + (2 × 27 Da) in RAZUMAB batches, ‡: Sodium adduct. (C) Time-resolved deconvolution for the heavy chain (HC) species. HC, oxidized HC (HCox) and N-terminal pyroglutamate formation (HC(pE)) are annotated. \*major sample preparation artifact is overalkylation with iodoacetamide as shown by the addition of +57 Da. Heat maps were generated from time-resolved deconvolution performed in parallel for all samples. Intensity is color-coded ranging from less intense (black) to most intense (red). Table 2.Estimation of modified light chain (+ 27 Da) in RAZUMAB batches. Estimation was calculated as the percentage of the modified light chain (+ 27 Da) volume compared to the total volume of RAZUMAB light chain, summing up light chain volume and modified light chain (+ 27 Da) volume in 3 different batches. To reduce the impact of the possible sodium adduct noise inside the defined peak boundaries on the estimation of the modified light chain (+ 27 Da), the volume of the sodium adduct noise observed in LUCENTIS®inside the same boundaries was subtracted from the volume of the modified light chain (+ 27 Da) in RAZUMAB batches (Fig. S2). Batches 1 and 2 or batches 1 and 5 were analyzed together as independent experiments. Coefficient of variation (CV) for batch 1 across experiments 1 and 2 is provided. Estimation (% of total LC volume) Experiment 1Experiment 2 Speciesbatch 1batch 2batch 1batch 5CV batch 1 (%)LC + 27 Da6.78.86.18.37

Primary sequence analysis by LC-UV/ESI-MS/MS {#s0002-0004}
--------------------------------------------

The identification of a new species found at substantial levels in RAZUMAB batches was complemented by a more comprehensive characterization of the RAZUMAB primary structure. Lys-C peptide mapping analyses of RAZUMAB and LUCENTIS® reference standard were performed in parallel using online LC-UV/ESI-MS/MS acquisition with high mass accuracy and high resolution on an orbitrap mass analyzer. TFA was used as ion-pairing agent to generate well-resolved peptide peaks. Stacked UV chromatograms of RAZUMAB and LUCENTIS® reference standard are shown in [Fig. 4A](#f0004){ref-type="fig"}. No major differences were observed using chromatographic analysis. ESI-MS data were explored quantitatively in a consistent manner by first delineating peaks and clusters for all 3 samples, then comparing the corresponding cluster volumes. Clusters are composed of peaks that share the same monoisotope and retention time (thus defining a unique peptide charge state), in each sample chromatogram plane (RT-m/z) ([Fig. 4B](#f0004){ref-type="fig"}). A specific data evaluation was performed to search for clusters present or absent in each respective sample. Such analysis enabled the identification of 57 clusters found in both RAZUMAB batches but absent from LUCENTIS® reference standard ([Fig. 4C](#f0004){ref-type="fig"}). Selection of these clusters enabled the identification of these differences in the sample chromatogram planes and validation of relevant differences. Strikingly, all serine-containing peptides apart from L-L14 (SFNRGEC) of RAZUMAB light chain were present with a modified version with an additional 27.01 Da. Such modification was clearly absent in the LUCENTIS® reference standard, as shown for L-L10 ([Fig. 4D](#f0004){ref-type="fig"}). Threonine to glutamine substitution as well as serine to asparagine substitution can lead to a shift in monoisotopic mass of + 27.01 Da. The threonine to lysine sequence variation (+ 27.05 Da) could be ruled out from possible modifications due to the high mass accuracy of the orbitrap analyzer used for this study, and because this sequence variation would introduce a new Lys-C cleavage site, resulting in a shorter peptide. Manual MS/MS spectra interpretation confirmed the occurrence of a serine to asparagine sequence variation for all peptides of RAZUMAB light chain excluding SFNRGEC. Of note, several isobaric variant species with the addition of 27.01 Da were separated by time for L-L1 and L-L10 peptides, for which serine to asparagine substitution was localized at different sites. Annotated MS/MS spectra of variant and native L-L10 peptides are shown in [Figure 5](#f0005){ref-type="fig"}. Site confirmation of the substitution was also possible for other sites (Fig. S3-S4). [Table 3](#t0003){ref-type="table"} compiles the identification and estimation of the variant peptides of RAZUMAB light chain. In contrast, none of the Fab heavy chain peptides of RAZUMAB were affected by such sequence variation. Figure 4.Differential analysis of RAZUMAB and LUCENTIS® peptide mapping signals. (A) Overlay of UV chromatograms of Lys-C peptide mapping of LUCENTIS® and RAZUMAB batches 1 and 2 after reduction and carbamidomethylation. Absorbance was acquired at 214 nm. No major differences were observed using UV chromatogram analysis. Signal offset: 10%. (B) Differential analysis of Lys-C peptide mapping MS data. A chromatogram plane (RT-m/z) of the MS and MS/MS data is built for each sample, in which MS peaks detected in one or more samples are clustered according to their monoisotopic mass and RT. The volume of each cluster is calculated and compared across all samples. (C) Identification of RAZUMAB-specific MS signals. Differential cluster analysis retrieved 57 clusters (shown in red) present in both RAZUMAB batches and absent in LUCENTIS®. (D) Mapping RAZUMAB-specific MS signals with a mass increment of 27.01 Da. An example is shown for L-L10^2+^ peptide using the chromatogram planes of RAZUMAB batches and LUCENTIS®. Top panels: Clusters with isotope peak boundaries for all isotopes are shown for L-L10^2+^ species across samples. Native L-L10^2+^ peptide (yellow cluster) was detected in RAZUMAB batches along with variant species (red clusters), absent from LUCENTIS® sample. These variant peptides were detected with a mass increment of 27.01 Da and were assigned by MS/MS interpretation to S176→N176 and S177→N177 substitutions in RAZUMAB. A black dot represents the acquisition of MS/MS data for the specific cluster in the respective sample. The purple cluster corresponds to L-L10^2+^ sodium adduct. Bottom panels: same chromatogram planes as in top panels without cluster isotopic peak boundaries.\* L-L10^2+^ sodium adduct. Figure 5.MS/MS spectra of native and variant L-L10 peptides. (A) MS/MS spectrum of L-L10^2+^ at 765.39 m/z and retention time 50.9 min with serine to asparagine substitution localized at position 176 (marked in red). Signature ions used for Ser → Asn substitution localization are shown in red. (B) MS/MS spectrum of L-L10^2+^ at 765.39 m/z and retention time 52.8 min with serine to asparagine substitution localized at position 177. Position and signature ions are shown in red. (C) MS/MS spectrum of native L-L10^2+^ peptide at 751.88 m/z and retention time 53.4 min. Table 3.Light chain peptides identified with possible serine to asparagine substitution in RAZUMAB batches. Variant peptides of RAZUMAB light chain are shown along with the possible position of the serine to asparagine (Ser → Asn) substitution. The LC peptide number after LysC cleavage (\#), the corresponding amino acid range, and the peptide sequence are shown for each entry. The possible positions of the Ser → Asn substitution are indicated in red italic and in red bold underlined when position is confirmed. Additional peptide properties are included such as retention time (RT), mass-to-charge ratio (m/z), charge, observed mass (Da), and mass delta calculated as the difference between the observed and expected precursor masses divided by the expected precursor mass multiplied by 10^6^ (ppm). The percentage of Ser → Asn misincorporation is determined for each variant peptide as the volume of the variant peptide cluster divided by the sum of the volumes of the variant and its corresponding native peptide m/z. Results for 2 independent experiments are shown in which batch 1 was analyzed altogether with batch 2 or batch 5. Batches 2 and 5 were analyzed only in separate experiments. Values for batch 1 are reported for both experiments to assess inter-experiment reproducibility. Coefficient of variation (CV) is calculated for each ion based on the estimates obtained for batch 1 in these 2 independent experiments. \*potential overestimation due to the presence of substantial sodium adduct. ‡ Signature ions for partial Ser → Asn substitution were detected for each of the 4 serine residues of peptide L-L9, indicating that the variant ion at 1081.49 m/z is a mixture of several isobaric peptides with partial misintegration of Asn for Ser at all 4 sites as observed in the chimeric MS/MS spectrum.         Misincorporation (%)         Experiment 1Experiment 2 \#RangeSequenceSer→Asn \[position\]RT \[min\]m/z \[Th\]ChargeMass \[Da\]Mass Delta \[ppm\]batch 1batch 2batch 1batch 5CV batch 1 (%)L-L11--39DIQLTQSPSSLSASVGDRVTITCSASQDI**[S]{.ul}**NYLNWYQQK3080.11463.3834387.123.01.52.01.21.715L-L11--39DIQLTQSPSSLSA**[S]{.ul}**VGDRVTITCSASQDISNYLNWYQQK1481.11463.3734387.09−2.91.5\*2.1\*2.4\*3.2\*33L-L446--103VLYIFTSSLHSGVPSRFSGSGSGTDFTLTI*SS*LQPEDFATYYCQQYSTVPWTFGQGTK76 or 7793.51608.5146430.03−3.55.06.65.47.26L-L6108--126RTVAAP**[S]{.ul}**VFIFPPSDEQLK11470.81065.0822128.143.30.40.50.40.510L-L7127--145SGTA**[S]{.ul}**VVCLLNNFYPREAK13178.31077.0522152.081.20.50.70.60.712L-L9150--169VDNALQ*S*GN*S*QE*S*VTEQD*S*K156, 159, 162, and 168‡30.81081.4922160.96−6.82.23.11.91.911L-L10170--183DSTYSL**[S]{.ul}**STLTLSK17650.9765.3921528.760.70.60.70.50.77L-L10170--183DSTYSLS**[S]{.ul}**TLTLSK17752.8765.3921528.76−1.12.94.02.63.56L-L13191--207VYACEVTHQGL*SS*PVTK202 or 20342.6951.9721901.93−0.70.70.90.60.718

Discussion {#s0003}
==========

The development of generic versions of large molecules is a challenging task, owing to their size, their complex PTMs profiles, their sensitivity to chemical modifications during manufacturing steps and storage, as well as their sequence microheterogeneity, as shown in previous reports.[@cit0017] Therefore, in-depth characterization with sensitive and specific analytical technologies is required to demonstrate high similarity between an intended copy product and its originator.[@cit0012]

In this study, we comprehensively compared different batches of RAZUMAB to LUCENTIS® reference standard using several state-of-the-art analytical methods. While no differences were observed between these products in terms of size variants and potency, some differences were observed in the CEX and CZE chromatographic profiles of RAZUMAB and LUCENTIS® reference standard, indicating different acidic species. A more detailed characterization using intact and subunit MS measurements enabled the identification of substantial differences in the RAZUMAB light chain. Robust sample comparison was enabled using in parallel time-resolved deconvolution of each acquired MS scan in an unbiased manner.[@cit0026] This feature improved the identification of product-related variants by pattern recognition. Additionally, statistical head-to-head comparison of peptide maps using searches for absent and present signals enabled the identification of differences in RAZUMAB primary sequence at multiple sites (+ 27.01 Da as monoisotopic mass shift), which were confirmed as serine to asparagine substitution.

Evidence and mechanisms of amino acid misincorporation in various recombinant proteins expressed in *E. coli* and Chinese hamster ovary (CHO) cell lines have been extensively investigated.[@cit0028] Sequence variants can be caused by DNA mutations or mRNA mistranslation, *via* tRNA mischarging with an incorrect amino acid, or through codon misreading with the use of an incorrect tRNA.[@cit0028] Both the cell line history and the type of product might influence the rate of mistranslation.[@cit0035] Furthermore, it has been previously demonstrated that limitation for a specific amino acid in the culture broth leads to the reversible substitution of this amino acid for homologs through tRNA mischarging.[@cit0029] The identification of a serine to asparagine variant in CHO, NS0 and *E. coli* was previously reported by other groups who discussed its occurrence as the result of a possible codon-specific misreading or mischarging.[@cit0038] In this study, most peptides of the light chain were detected along with one or more variant counterparts, both in the variable and constant region. This observation suggests the occurrence of systematic mistranslation errors in the light chain, rather than point mutations at the DNA level.[@cit0036] Importantly, sequence variation exclusively occurred in the light chain of RAZUMAB, as we did not detect variant peptides of RAZUMAB heavy chain. Of note, serine is the most represented amino acid in both LUCENTIS® light chain and heavy chain. The light chain contains 34 serine residues, corresponding to nearly 16% of all amino acids of the light chain, while the heavy chain contains 30 serine residues, corresponding to 13% of all amino acids of the heavy chain. As the authors do not have access to the manufacturing process of RAZUMAB, any extensive discussion of the occurrence of the sequence variation in RAZUMAB may remain speculative and not appropriate for this analytical paper. One can only hypothesize that upstream processes, including codon optimization or expression systems, may have been different for RAZUMAB light and heavy chain or that serine concentration can be a critical process parameter for the expression of the light chain.

Among analytical technologies, MS offers unmatched resolution, specificity and sensitivity to explore the primary structure of biopharmaceuticals and maps relevant low-level differences between samples. Lower limit of detection is achieved at the peptide level compared to intact mAb analysis, so routine peptide mapping analyses using MS may be performed to mitigate the risk of sequence variation to be transferred to the final clone during technical development.[@cit0036] Enrichment from a separation technique, e.g., CEX, may be necessary to detect and confirm low-level sequence variants (\< 0.5%).[@cit0041] However, data analysis remains a bottleneck in enabling the detection and identification of such species through optimization of raw data processing and database searches in an unbiased manner. New strategies in data analysis and experimental procedures have been investigated to focus on low-level sequence variants as reported by several groups.[@cit0036] Although an error-tolerant search is a powerful tool to identify previously uninterpreted peaks, the identification of multiple mutations in the same peptide lead to increased false positive assignments, which usually requires time-consuming manual assessment for confirmation. Also, all substitutions may not be taken into account in the error-tolerant search and some common modifications may be isobaric to sequence variants.[@cit0042] In parallel to the error-tolerant search, we analyzed all detected MS signals without any bias toward peptide identification parameters and we searched for absent and present signals in all samples. This methodology was extremely useful to first spot relevant differences in peptide mapping data, which needed further manual confirmation.

Nevertheless, the detection of sequence variants in a single sample or variants present at similar low levels may still be a challenging task.[@cit0044] State-of-the art MS instrumentation supported with powerful search engines will undoubtedly enable examination of extremely low-level sequence variants (\< 10 ppm) in an unbiased manner.[@cit0040] Importantly, such sequence variations are inevitable and are commonly observed in human native proteins, at levels below 100 ppm, as shown for human serum albumin across individuals.[@cit0040] It remains to be explored at which level above this background such modifications may affect the quality of a recombinant product (originator and intended copy product).[@cit0028]

In this study, we report a serine to asparagine sequence variation in the light chain of RAZUMAB that accounted for ∼6--9% in relative amount. As pI values for serine and asparagine are 5.68 and 5.41, respectively, it is unlikely that a serine to asparagine substitution would result in a major pI shift and lead to the different profiles of acidic variants observed with CEX and CZE.[@cit0046] It is rather more likely that this variant may correspond to the main peak shoulder revealed with CZE analysis. The difference of 0.2--0.4% of acidic variants observed in the CEX profiles of RAZUMAB and LUCENTIS® reference standard may be due, at least in part, to the increase of the deamidated version of L-L7 (SGTASVVCLL(N→D)NFYPREAK) to the same extent in RAZUMAB batches (data not shown). We demonstrated that the implementation and the integration of sensitive orthogonal analytical approaches were required to assess analytical similarity, and investigate relevant differences between an originator and its intended copy product.

Materials and methods {#s0004}
=====================

Samples {#s0004-0001}
-------

Reference standard (01.REF) of LUCENTIS® (Novartis Pharma AG) was analyzed head-to-head with 2 different batches of RAZUMAB (18020001, and 18020002) from Intas Pharmaceuticals Ltd. A third RAZUMAB batch (18020005) from Intas Pharmaceuticals was also used for complementary analysis.

Reagents {#s0004-0002}
--------

Lys-C (MS grade, 125--05061) was purchased from Wako, 8 M guanidine hydrochloride (24115) was purchased from Pierce, ethylenediaminetetraacetic acid (EDTA) disodium salt, dehydrate (E5134--250G) was purchased from Sigma, 1 M Tris-hydrochloride pH8 solution (Ultrapure, 15568--025) was purchased from Gibco, dithiothreitol (43815--1G) was purchased from Sigma, iodoacetamide (Bioultra, I1149--5G) was purchased from Sigma, acetonitrile (ACN; LC-MS grade, 9821) was purchased from Biosolve, water (LC-MS grade, 9823--02) was purchased from J.T.Baker, isopropyl alcohol (IPA; LC-MS grade, 34965) from Fluka, and TFA ampoules (MS grade, 28904) were purchased from Pierce.

Potency assays {#s0004-0003}
--------------

Two different methods were used for potency determinations, a target binding assay and a cell-based functional assay. An ELISA assay was used to measure binding of RAZUMAB to recombinant human VEGF immobilized on microtiter plates. Binding was quantified via an anti-human F(ab\')2 antibody coupled to horseradish peroxidase from Jackson ImmunoResearch Laboratories, Inc. (109--035--097) followed by the addition of the substrate tetramethylbenzidine. The cell-based functional bioassay determines inhibition of VEGF-induced proliferation of human umbilical vein endothelial cells.

For both assay formats, the test samples and the LUCENTIS® reference standard were normalized on the basis of protein content; dilution series of reference standard and test samples were analyzed on each assay plate. Assay data, i.e., the resulting concentration-response curves were analyzed with statistical software (PLA, Stegmann Systems) and relative potency was calculated based on the parallel line model. The final potency result was expressed as relative potency (in percent) of a RAZUMAB sample compared to the LUCENTIS® reference standard.

SEC {#s0004-0004}
---

Samples were diluted in mobile phase (0.20 M potassium phosphate, 0.25 M potassium chloride, pH 6.2) to 1 mg/mL and injected onto a Tosoh TSK-GEL G2000SWXL column (300 × 7.8 mm, 5 μm) with an Agilent 1200 HPLC system. Peak separation was performed over a 30 min isocratic elution at a flowrate of 0.5 mL/min. Column was kept at ambient temperature and peak UV detection was performed at 280 nm.

CEX {#s0004-0005}
---

Samples were diluted in mobile phase A (20 mM MES, pH 5.70) to 4 mg/mL and injected onto a Thermo ProPac WCX-10 (250 × 4 mm, 10 μm) with an Agilent 1100 HPLC system. Peaks were separated by applying a linear gradient from 8% mobile phase B (20 mM MES, 200 mM NaCl pH 5.70) to 66% B in 85 min at a flowrate of 0.8 mL/min. UV absorbance was measured at 280 nm.

CE-SDS {#s0004-0006}
------

Samples were diluted to 0.5 mg/mL with labeling reaction buffer (0.1 M sodium bicarbonate pH 8.3) then 0.5 mL of this diluted sample was loaded onto a NAP-5 column to complete buffer exchange. Eluent was discarded and sample collected in 1mL of labeling reaction buffer. For labeling, 10 µL of the dye reagent working solution (5-carboxytetramethylrhodamine succinimidyl ester in dimethylsulfoxide 1 mg/mL) was added to 190 µL of buffer-exchanged sample and incubated for 30 min at 30 °C. Excess of dye reagent was removed by loading 190 µL of labeled sample onto a NAP-5 column, washing column with 0.4 mL of labeling reaction buffer and collecting sample in 0.7 mL labeling reaction buffer. The labeled sample was diluted twice with CE-SDS sample buffer (0.1 M Tris-HCl / 5% SDS, pH 8.0). The injection was performed into a bare, fused-silica capillary at 5 kV for 20 seconds using a Beckman PA800 Enhanced/Plus. The instrument separated proteins in an electric field of 484 V/cm for 35 minutes. Detection was performed via an Argon-ion laser with an excitation at 488 nm and an emission at 560 nm. Chromeleon software was used for data analysis.

CZE {#s0004-0007}
---

Samples were diluted in sample buffer (5 mM sodium phosphate, pH 7.30) to 3 mg/mL. The injection was performed into a bare, fused-silica capillary at 0.5 psi for 4 seconds using a Beckman PA800 Enhanced/Plus. The instrument separated proteins at a voltage of 20 kV for 15 minutes in a 400 mM 6-aminocaproic acid, 2 mM triethylenetetramine pH 5.7 adjusted with acetic acid and 0.03% Tween 20. UV detection was performed at 214 nm. Chromeleon software was used for data analysis.

Intact Fab analysis by LC-UV/ESI-MS {#s0004-0008}
-----------------------------------

Samples were analyzed sequentially by online LC-UV/ESI-MS using a ToF Xevo G2-S (Waters, Manchester, UK) mass spectrometer. Twenty micrograms of each sample were injected onto a PLRPS column (2.1 × 150 mm, 3 µm, 300 Å) set at 60 °C using a Waters Acquity UPLC. After sample loading and column washing for 4 min with 65% A (0.1% TFA in water) and 35% B (0.09% TFA in 70:20:10 IPA:ACN:water), separation was performed at a flowrate of 0.2 mL/min with a linear gradient ramping from 35% B to 50% B in 24 min. UV traces were recorded at 280 nm. The MS instrument was operating in positive mode with a capillary voltage of 3.8 kV, cone voltage of 160V and source offset of 120V. The source temperature was set at 120°C and the desolvation temperature at 500°C. Scans of 1 second were acquired from 500 to 5000 m/z for 36 min. Lockmass correction was applied every 20 scans from an average of 3 scans by infusion of 1 pmol/μL of Glu-1-Fibrinopeptide B.

Fab subunit analysis by LC-UV/ESI-MS {#s0004-0009}
------------------------------------

Prior to analysis, samples were denatured in parallel with 150 µL of 6 M GuHCl, 5 mM Na~2~EDTA in 50 mM Tris-HCl at pH 8, and incubated with 1.5 µL 1 M dithiothreitol for 1h at 37 °C to reduce disulfide bonds. Then, alkylation was performed for 1 h in the dark using 3 µL of 1 M iodoacetamide. 1 µL DTT was finally used to quench the alkylation. Samples were then analyzed sequentially by online LC-UV/ESI-MS using a ToF Xevo G2-S (Waters, Manchester, UK) mass spectrometer. Six micrograms of each sample were injected onto a PLRPS column as described above. Sample loading and column washing for 4 min was performed with 68% A (0.1% TFA in water) and 32% B (0.09% TFA in 70:20:10 IPA:ACN:Water), while separation was performed at a flowrate of 0.2 mL/min with a linear gradient ramping from 32% B to 47% B in 37 min. UV traces were recorded at 214 nm. The MS instrument was operating in positive mode with a capillary voltage of 3.8 kV, cone voltage of 120V and source offset of 60V. The source temperature was set at 120°C and the desolvation temperature at 500°C. Scans of 1 second were acquired from 500 to 3000 m/z for 50 min. Lockmass correction was applied as described above.

Intact and subunit MS data analysis {#s0004-0010}
-----------------------------------

Data were imported into the Refiner MS software package (Genedata) without any prior data conversion. An adapted and application specific workflow was built and used for chemical noise reduction, RT and m/z restriction, and finally time-resolved deconvolution. Each 1s scan was deconvoluted while retaining retention time information using the so-called time-resolved deconvolution performed with the embedded harmonic suppression deconvolution method using 0.1 Da step. The peak volumes of light chain + 27 Da and light chain were calculated to estimate the percentage of light chain + 27 Da. The volumes of both peaks were defined as the integral of the intensity values inside the peak boundaries, resulting in the combination of 3 dimensions, i.e., intensity values x retention time window x mass width. The volume of the sodium adduct noise inside these boundaries in LUCENTIS® reference standard was subtracted from the peak volumes of light chain + 27 Da in RAZUMAB samples for this estimation (Fig. S2).

Lys-C peptide mapping analysis by LC-UV/ESI-MS/MS {#s0004-0011}
-------------------------------------------------

All samples were denatured, reduced and alkylated together as described for the analysis of Fab subunits. Then samples were prepared as previously reported.[@cit0026] Briefly, samples were digested with 4 µg of Lysyl endopeptidase for 1 h at 37 °C. A further 4 μg of Lysyl endopeptidase were added to the samples and incubation was prolonged for another 3 h at 37 °C. An aliquot of 100 µL of the digested samples was injected on column and analyzed by LC-UV/ES-MS/MS using an Agilent 1200 online connected to a Thermo Orbitrap Elite mass spectrometer (Thermo Fisher Scientific, Reinach, Switzerland). The mobile phases were 0.1% TFA in water as A and 0.09% TFA in 90% ACN as B and the flow rate was set at 0.2 mL/min. The column used for the separation was a Vydac C18 (2.1 × 150 mm, 5 µm, 300 Å) and was set at 40 °C. The UV traces were recorded at 214 nm. The separation was achieved over 146 min by starting at 2% B and maintaining it for 5 min then ramping to 22% B in 45 min, then to 24% B in 10 min, to 36% B in 28 min, further to 38% B in 10 min and to 90% B in 17 min and maintaining it for 10 min. The HPLC was directly coupled to the mass spectrometer. The instrument was operating in positive ion mode with a capillary voltage of 3.5 kV. The capillary temperature was set at 250 °C. The MS instrument method was built as a typical data-dependent acquisition experiment: first full scan in the Orbitrap is followed by 3 collision-induced dissociation MS/MS events of the 3 most intense ions and by 3 higher-energy collisional dissociation MS/MS of the same ions all measured in the Orbitrap Elite. Dynamic exclusion was used to prevent fragmentation of the same precursor ion multiple times.

Peptide mapping data evaluation using RefinerMS and Analyst {#s0004-0012}
-----------------------------------------------------------

The raw data were directly imported into the Refiner MS software. Data from all samples were processed in parallel with chemical noise subtraction, peak detection (isotope peak detection), charge assignment (isotope clustering), and MS/MS consolidation. No data normalization was performed. Clusters were searched against LUCENTIS® light and heavy chain sequences and this search retrieved 100% sequence coverage (precursor and fragment mass tolerance: 20ppm, carbamidomethylation on cysteines). All clusters were used for quantitative assessment. To identify sample-specific signals, quantitative evaluation of cluster volumes was performed in Analyst by sorting out clusters with a null volume in the LUCENTIS® reference standard and positive volumes in all RAZUMAB batches. By doing so, we were able to identify MS signals specifically present only in RAZUMAB batches and absent from the LUCENTIS® reference standard. To reduce any potential bias toward single isotope measurements, cluster volumes were calculated by summing up volumes for all isotope peaks included in the isotopic cluster. The volume of a peak is defined as the integral of the intensity values inside the peak boundaries, resulting in the combination of 3 dimensions, i.e., intensity values x retention time window x m/z width. In parallel, a complementary error-tolerant search with maximum 1 missense mutation per peptide was performed to assist the identification of the peptides with a mass increment of + 27.01 Da.
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